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HIGHLIGHTS 


►  Three  type  of  binders  CMC,  PVDF,  and  alginate  were  investigated  for  LiNii/3Mni/3Coi/302  (NMC). 

►  The  electrode  using  CMC  as  a  binder  shows  the  best  high  rate  capability. 

►  The  electrode  using  CMC  as  a  binder  shows  the  lowest  apparent  activation  energy. 

►  CMC  could  be  the  next  generation  cheap  and  green  binder  for  NMC  materials. 
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LiNii/3Mni/3Coi/302  (NMC)  as  a  cathode  material  for  lithium  ion  batteries  has  been  synthesized  by  the  sol 
—gel  method.  The  X-ray  diffraction  Rietveld  refinement  results  indicated  that  single-phase  NMC  with 
hexagonal  layered  structure  was  obtained.  Scanning  electron  microscope  images  revealed  well  crystal¬ 
lized  NMC  with  uniform  particle  size  in  the  range  of  100-200  nm.  The  performance  of  the  NMC  elec¬ 
trodes  with  sodium  carboxylmethyl  cellulose  (CMC),  poly(vinylidene  fluoride)  (PVDF),  and  alginate  from 
brown  algae  as  binders  was  compared.  Constant  current  charge-discharge  test  results  demonstrated 
that  the  NMC  electrode  using  CMC  as  binder  had  the  highest  rate  capability,  followed  by  those  using 
alginate  and  PVDF  binders,  respectively.  Electrochemical  impedance  spectroscopy  test  results  showed 
that  the  electrode  using  CMC  as  the  binder  had  lower  charge  transfer  resistance  and  lower  apparent 
activation  energy  than  the  electrodes  using  alginate  and  PVDF  as  the  binders.  The  apparent  activation 
energies  of  NMC  electrodes  using  CMC,  alginate,  and  PVDF  as  binders  were  calculated  to  be  27.4  kj  mol-1, 
33.7  kj  mol-1,  and  36  kj  mol-1,  respectively. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  lithium  ion  battery  (LIB)  is  one  of  the  most  promising 
energy  storage  systems  for  portable  computers,  mobile  devices, 
hybrid  electric  vehicles  (HEVs),  and  plug-in  hybrid  electric  vehicles 
[1].  There  have  been  extensive  studies  on  electrode  materials, 
electrolytes,  additives,  membranes,  and  binders  to  achieve 
improvement  of  the  battery  performance  [2].  Compared  with  the 
significant  progress  on  most  of  these  components  for  the  lithium 
ion  battery,  however,  binders  for  the  lithium  ion  battery  have  not 
yet  been  as  well  investigated  [3-5].  Although  binders  are  electro- 
chemically  inactive  materials,  they  can  have  a  significant  influence 
on  the  electrode  performance.  Currently,  the  organic  solvent-based 
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poly(vinylidene  difluoride)  (PVDF)  has  been  widely  used  as  the 
binder  for  both  the  negative  and  the  positive  electrodes  in 
commercial  LIBs,  as  a  result  of  its  good  electrochemical  stability  and 
high  adhesion  to  electrode  materials  and  current  collectors. 
Nonetheless,  PVDF  binder  is  expensive,  not  easily  to  recycle,  and 
involved  the  use  of  volatile  organic  compounds  such  as  the  envi¬ 
ronmentally  harmful  and  toxic  N-methyl-2-pyrrolidone  (NMP)  for 
its  processing  [6,7].  Thus,  to  find  cheap,  environmentally  friendly 
binders  to  substitute  for  the  current  commercial  PVDF  binder  is 
important  for  the  improvement  of  electrochemical  performance 
and  for  decreasing  the  manufacturing  costs  of  LIBs. 

Carboxymethyl  cellulose  (CMC),  which  is  produced  from  the 
insertion  of  carboxymethyl  groups  into  natural  cellulose,  has 
recently  attracted  more  consideration  due  to  its  ability  to  dissolve 
much  more  easily  in  water  and  its  low  cost  compared  with  PVDF 
binder.  Due  to  both  apparent  advantages,  reports  on  the  application 
of  CMC  as  the  binder  for  lithium  ion  batteries  have  demonstrated  its 
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promising  characteristics,  such  as  its  cycling  stability,  electro¬ 
chemical  capacity  improvement,  and  environmental  friendliness 
[8—11].  Very  recently,  alginate,  which  is  a  cheap,  high-modulus 
natural  polysaccharide  extracted  from  brown  algae,  has  been 
used  as  a  binder  mixed  with  Si  anode,  which  presents  even  more 
remarkable  electrochemical  capacity  improvement  and  cycling 
stability  than  CMC  or  PVDF  binders  [12].  Therefore,  the  diversity  of 
binders  and  their  advantages  for  lithium  ion  batteries  can  provide 
more  opportunities  to  improve  the  energy  densities  of  these 
batteries  for  successful  commercial  applications. 

Although  there  have  been  more  extensive  investigations  of  the 
CMC  and  alginate  binders  in  such  anode  materials  as  natural 
graphite  [13],  LiTi40i2  [14],  Sn02  [15,16],  Fe203  [16,17],  and  Si 
[12,17-21],  promising  CMC  and  alginate  binders  to  be  used  with 
cathode  materials  in  lithium  ion  batteries  are  also  ripe  for  investi¬ 
gation.  To  date,  only  very  limited  investigations  of  the  effects  of 
CMC  on  cathode  materials  have  been  carried  out  in  comparison 
with  different  binders.  Zaghib  et  al.  revealed  that  -  2  wt%  water- 
soluble  elastomer  binder  (WSB)  and  —2  wt%  CMC  blended  with 
LiFePCU  cathode  material  presented  low  irreversible  capacity  loss 
and  stable  cycling  life  [22].  Paik  et  al.  reported  the  effects  of  CMC  on 
aqueous  processing  of  LiFeP04  cathodes  and  their  electrochemical 
performance  [23,24].  Li  et  al.  found  that  Li[Lio.2Mn0.56Nio.i6Coo.o8] 
02  could  perform  well  with  CMC  binder  at  very  high  voltages 
(4.8  V)  in  1  M  LiPF6  in  1:1  ethylene  carbonate:  dimethyl  carbonate 
(EC:DMC)  solution  as  electrolyte  [25].  Very  recently,  Wang  et  al. 
reported  CMC  as  a  binder  in  high  voltage  LiNio.4Mn1.6O4  cathode 
with  close  to  the  theoretical  capacity  (146  mAh  g_1)  and  low  self¬ 
discharge  (~10%)  [26].  LiNii/3Mni/3Coi/302  (NMC),  as  one  of  the 
most  promising  large-scale  commercial  cathodes  for  lithium  ion 
batteries,  has  shown  its  overwhelming  advantages  of  high  oper¬ 
ating  voltage,  high  specific  capacity,  cyclic  stability,  and  structural 
stability  [27—32].  Flowever,  there  have  been  no  reports  on  the  use 
of  CMC  and  alginate  as  binders  in  LiNii/3Mni/3Coi/302  cathode 
materials.  Here,  we  study  the  effects  of  CMC  and  alginate  binders 
on  the  electrochemical  performance  of  LiNii/3Mni/3Coi/302 
cathode  material  prepared  by  the  sol-gel  method  for  the  first  time. 

2.  Experimental 

2.1.  Synthesis 


were  identified  by  the  Synchrotron  X-ray  diffraction  from  Powder 
diffraction  beamline  at  Australian  Synchrotron  (Clayton,  Australia), 
with  a  wavelength  of  0.8260  A.  The  morphology  of  the 
LiNii/3Mni/3Coi/302  compound  was  examined  by  a  high  resolution 
field  emission  scanning  electron  microscope  (SEM;  JEO:  FESEM- 
7500,  30kv).  The  specific  surface  area  was  measured  using  15 
point  N2  absorption  Brunauer— Emmett-Teller  (BET)  method  using 
Quanta  Chrome  Nova  1000. 

2.3.  Electrochemical  evaluation 

The  electrochemical  characterization  of  the  LiNii/3Mni/3Coi/302 
compound  was  carried  out  using  coin  cells.  The  cathodes  in  the 
two-electrode  electrochemical  cells  were  fabricated  by  blending 
the  NMC  powders  with  acetylene  black  and  different  binders, 
including  CMC,  alginate,  and  PVDF  binders,  in  a  weight  ratio  of 
85:10:5.  It  should  be  noted  that  de-ionised  (DI)  water  was 
employed  as  the  solvent  for  blending  the  electrode  mixture  for  the 
CMC  and  alginate  binders  while  N-methyl-2-pyrrolidone  (NMP) 
was  used  as  the  blending  solvent  for  the  PVDF  binder.  The  slurries 
were  prepared  using  Kurabo  MAZERUSTAR  planetary  mixer  KK- 
250S  for  15  min.  The  obtained  slurry  was  coated  on  Al  foil,  dried 
at  90  °C  for  12  h  and  pressed  at  the  pressures  of  2  MPa.  The  elec¬ 
trodes  fabricated  were  dried  again  at  90  °C  for  12  h  in  a  vacuum 
after  cutting  into  1  cm  x  1  cm  in  size  where  about  6  mg  of  active 
material  were  held.  CR  2032  coin-type  cells  were  assembled  in  an 
Ar-filled  glove  box  by  with  Li  foil  as  the  counter  electrode  and 
reference  electrode,  a  porous  polypropylene  film  as  separator,  and 
1  M  LiPF6  in  a  1:2  (v/v)  mixture  of  ethylene  carbonate  (EC)  and 
diethylene  carbonate  (DEC)  as  the  electrolyte.  The  cells  were  gal- 
vanostatically  charged  and  discharged  using  an  automatic  battery 
tester  system  (Land®,  China)  at  various  current  densities  in  the 
range  of  2.5-4.6  V  at  room  temperature  and  at  current  densities 
with  various  C-rates,  with  a  theoretical  specific  capacity 
C  =  200  mAh  g~\  Electrochemical  impedance  spectroscopy  (EIS) 
measurements  were  performed  on  a  Biologic  MVP  3  electro¬ 
chemical  workstation  over  a  frequency  range  of  10  mHz— 1  MHz  at 
the  discharged  stage  of  3.7  V. 

3.  Results  and  discussions 


The  LiNii/3Mni/3Coi/302  compound  was  prepared  by  the  citric 
acid  assisted  sol-gel  method.  The  starting  materials  CH3COOLi, 
Ni(CH3COO)2  •  6H20,  Mn(CH3C00)2-4H20,  Co(CH3COO)2  -6H20,  and 
citric  acid  were  dissolved  in  water  to  form  a  clear  solution 
according  to  the  ratio  of  Li :Ni:Mn: Co: citric  acid  =  3.15:1:1:1:3.  The 
solution  was  heated  gently  with  continuous  stirring  in  a  thermo¬ 
static  water  bath  for  several  hours  to  remove  the  excess  water  at 
80  °C  until  a  pink  solution  formed.  After  drying  it  at  120  °C  in  air  in 
an  oven,  the  gel  was  put  into  an  alumina  boat  and  heated  at  400  °C 
for  4  h  under  air  to  promote  decomposition  of  the  organic 
compounds.  After  cooling  to  room  temperature,  the  precursor 
mixture  was  ground  again  and  heated  at  850  °C  for  15  h  under  the 
same  atmosphere  to  obtain  the  final  dark  powders.  The  LiNii/3Mni/ 
3Coi/302-CMC  material  was  obtained  from  the  LiNii/3Mni/3Coi/302 
material  mixed  with  CMC  binder  in  the  water  under  different  time 
duration.  Then  LiNii/3Mni/3Coi/302  was  washed  four  times  and 
dried  in  the  vacuum  oven  under  80  °C. 

2.2.  Sample  characterization 

The  phase  identification  of  LiNii/3Mni/3Coi/302  compound  was 
carried  out  using  powder  X-ray  diffraction  (XRD,  GBC  MMA  017). 
The  phase  of  LiNii/3Mni/3Coi/302  and  LiNii/3Mni/3Coi/302-CMC 


Fig.  1  shows  the  X-ray  diffraction  (XRD)  Rietveld  refinement 
results  for  the  as-prepared  NMC.  It  can  be  seen  that  all  peaks  are 
very  sharp,  clear,  and  well-defined,  suggesting  that  the  as-prepared 
LiNii/3Mni/3Coi/302  is  well  crystallized.  The  well  separated  peaks, 
the  Miller  indices  of  which  are  indexed  as  (101),  (106),  and  (102); 


2  theta  (degree) 


Fig.  1.  XRD  Rietveld  refinement  of  LiNii/3Mni/3Coi/302. 
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and  (108)  and  (110),  respectively,  indicate  the  highly  ordered  layer 
structure  of  LiNii/3Mni/3Coi/302.  Typical  layered  structure  type  of 
a-NaFe02  with  space  group  R3m  was  chosen  as  the  refinement 
model.  The  reasonably  small  weighted  profile  R-factor,  Rwp, 
(-6.66%)  suggests  that  single-phase  LiNii/3Mni/3Coi/302  has  been 
well  obtained.  The  lattice  parameters  of  the  NMC,  which  include  a, 
c,  V,  and  c/a,  are  very  close  to  those  previously  reported  [33]  and  are 
presented  in  Table  1.  It  should  be  noted  that  the  high  values  of  c  and 
c/a,  14.25326(7)  and  4.978,  respectively,  are  beneficial  to  the 
formation  of  well-defined  hexagonal  layered  structures.  Further¬ 
more,  the  integrated  intensity  ratio  of  I(oo3)/I(io4)  was  larger  than 
1.2,  indicating  a  low  degree  of  cation  disorder  in  the  structure 
because  of  the  close  ionic  sizes  of  Li+  (0.72A)  and  Ni2+  (0.70A). 

Synchrotron  powder  X-Ray  Diffraction  (SXRD)  was  used  to 
investigate  any  modification  of  the  LiNii/3Mni/3Coi/302  materials 
after  mixing  with  CMC  binder  in  the  water.  The  results  from  SXRD 
Rietveld  refinement  was  shown  in  Fig.  2  and  Table  1  There  are  no 
impurities  and  no  significant  impact  on  the  crystal  structure  with 
the  similar  cell  parameters  of  LiNii/3Mni/3Coi/302  (NMC),  when 
NMC  material  was  added  into  CMC  water  solution  under  different 
time  duration.  The  cell  parameters  (a,  c  and  V)  values  varied  within 
the  range  of  0.05%  compared  to  those  for  the  pristine  NMC,  which  is 
in  the  error  range  of  refinement. 

In  addition,  the  ratio  of  Li/Lipristine  (Lipristine  =  1  for 
LiNii/3Mni/3Coi/302)  vs.  mixing  time  was  shown  in  Fig.  2(c).  The 
partial  lithium  lost  could  be  found  in  the  LiNii/3Mni/3Coi/302 
samples  mixing  with  CMC  binder  in  the  water.  This  is  probably  due 
to  the  exchange  between  Li+  in  LiNii/3Mni/3Coi/302  and  proton  in 
water.  These  refined  results  almost  consistent  with  results  from 
Wang  et  al.  [26],  which  revealed  that  no  measurable  influence  of 
water  on  the  LiNio.4Mn1.6O4  crystal  structure  but  a  slight  lost  of  Li 
was  found  for  the  pristine  material  soaked  in  the  water. 

A  typical  SEM  image  of  the  LiNii/3Mni/3Coi/302  particles 
prepared  by  the  sol-gel  method  is  shown  in  Fig.  3.  Homogeneous 
LiNii/3Mni/3Coi/302  particles  can  be  seen  in  Fig.  3(a).  The  highly 


Table  1 

Cell  parameters  for  LiNii/3Mni/3Coi/302  and  LiNii/3Mn1/3Coi/302-CMC  soaked  in  the 
water. 


Sample  a  (A)  c  (A)  c/a  V  (A3)  Rw  (%) 


LiNi1/3Mni/3Coi/302a  2.86292(5)  14.25326(7)  4.978  101.1732(1)  6.66 

LiNi1/3Mn1/3Co1/302b  2.87012(1)  14.2798(2)  4.9753  101.873(1)  3.59 

LiNi1/3Mn1/3Co1/302-  2.87027(1)  14.2789(1)  4.9747  101.876(1)  3.87 

CMC-0.5  hb 

LiNii/3Mni/3Coi/302-  2.87026(3)  14.2788(0)  4.9747  101.875(1)  3.90 

CMC-5  hb 


LiNii/3Mni/3Coi/302-  2.87003(1)  14.2775(1)  4.9747  101.849(1)  3.38 

CMC-22  hb 


LiNi1/3Mn1/3Co1/302-  2.87000(2)  14.2775(1)  4.9747  101.848(1)  3.39 

CMC-48  hb 


a  Data  from  XRD  refinement. 

b  Data  from  SXRD  refinement  from  Australian  Synchrotron. 


magnified  SEM  image  of  LiNii/3Mni/3Coi/302  shown  in  Fig.  3(b) 
indicates  its  hexagonal  morphology,  with  a  particle  size  range  of 
100-200  nm. 

Charge-discharge  curves  of  LiNii/3Mni/3Coi/302  using  different 
binders  at  various  current  densities  in  the  voltage  range  of  2.5-4.6  V 
are  shown  in  Fig.  4(a— c).  The  electrochemical  behaviour  of  the 
LiNii/3Mni/3Coi/302  materials  agrees  well  with  that  reported 
previously  [31,33].  The  NMC  exhibits  -3.75  V  charge-discharge 
voltage  plateaus  as  it  experiences  the  sequential  phase  transition 
process  (Ni2+  -►  Ni3+  ->  Ni4+).  Along  with  increased  charging/ 
discharging  current  densities,  LiNii/3Mni/3Coi/302  electrode 
plateaus  become  shorter  and  the  difference  potential  (AV)  between 
the  charging  and  discharging  plateaus  increase  gradually,  because 
of  the  electrode  polarization  at  high  rates.  The  dQJdV  curves  for 
LiNii/3Mni/3Coi/302  with  CMC,  PVDF,  and  alginate  binders  in  the 
potential  range  of  2.5-4.6  V  are  presented  in  Fig.  4(d).  The  cathodic 
and  anodic  peaks  of  LiNii/3Mni/3Coi/302  using  different  binders 
indicate  the  potential  difference  AF  (F0xidation  -  ^reduction)  between 
the  oxidation  and  reduction  processes,  which  correspond  to  the 
lithium  extraction  and  insertion,  respectively.  As  a  result, 
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Fig.  2.  SXRD  patterns  (a)  LiNii/3Mni/3Coi/302  mixing  with  CMC  binder  in  the  water  for  different  time;  (b)  SXRD  Rietveld  refinement  of  pristine  LiNii/3Mni/3Coi/302;  (c)  ratio  of  Li/ 
Lipristine  (Lipristine  =  1  for  LiNii/3Mni/3Coi/302)  vs.  mixing  time. 
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Fig.  3.  SEM  images  of  LiNii/3Mni/3Coi/302  particles:  (a)  x20,000;  (b)  x  100,000. 


LiNii/3Mni/3Coi/302  with  PVDF  gives  a  higher  cathodic  potential  of 
3.811  V  than  the  electrodes  with  alginate  and  CMC  binders,  with 
cathodic  potentials  3.794  and  3.767  V,  respectively.  The  potential 
difference  A E  follows  the  order  of  CMC  (0.0208  V)  <  alginate 
(0.096  V)  <  PVDF  (0.101  V)  binder,  indicating  that  the  electrode 
using  CMC  as  binder  has  the  lowest  electrochemical  polarization 
and  the  best  high  rate  capability.  The  lower  polarization  for  LiNii/ 
3Mni/3Coi/302  using  CMC  binder  could  be  attributed  to  the  high 
ionic  conductivity  of  CMC  binder  in  the  LiNii/3Mni/3Coi/302  elec¬ 
trodes  [14]. 

In  order  to  investigate  the  effects  of  binders  on  the  rate  and 
cycling  performance,  LiNii /3Mni/3Coi/302  cells  using  different 
binders  were  charged  and  discharged  for  105  cycles  between  2.5 
and  4.6  V  at  various  current  densities  (Fig.  5),  and  the  current  rate 
was  increased  from  0.1  to  5  C  in  steps.  As  shown  in  Fig.  5(a), 
although  the  LiNii /3Mni/3Coi/302  cells  using  PVDF  and  alginate 
binders  show  higher  discharge  capacity  in  the  initial  cycles  than 
that  with  CMC  binder  at  0.1  C,  the  specific  capacity  measured  at  the 
5  C  rate  after  100  cycles  between  2.5  and  4.6  V  was  107.9  mAh  g_1, 
76.8  mAh  g_1,  and  8  mAh  g-1  for  LiNii/3Mni/3Coi/302  using  CMC, 
alginate,  and  PVDF  binder,  respectively.  The  capacity  retention  for 


using  CMC,  alginate,  and  PVDF  binder  is  58.5%,  37.4%,  and  3.8%  of 
initial  capacity  after  100  cycles,  respectively  as  shown  in  Fig.  5(b). 
Both  the  cycling  performance  and  the  rate  capability  of  the 
LiNii/3Mni/3Coi/302  cells  with  CMC  are  better  than  those  with 
alginate  or  PVDF  binder.  The  reason  for  dramatically  capacity 
dropping  at  high  C-rates  probably  could  be  attributed  to  the  rela¬ 
tively  low  specific  surface  area  (2.6  m2  g-1)  and  the  agglomerated 
big  particle  size  (as  shown  in  Fig.  3)  of  LiNii /3Mni/3Coi/302 
prepared  from  sol-gel  method  [33-35].  The  big  particle  size  can 
limit  the  lithium  intercalation  and  de-intercalation  at  high  C-rates. 
Guo  et  al.  [36]  reported  that  LiNi! /3Mn1/3Co1/302  prepared  by  sol- 
gel  method  with  PVDF  binder  exhibited  nearly  no  capacity  at  6  C. 
Wang  et  al.  [26]  suggested  that  the  CMC  as  the  binder  mixed  with 
LiNio.4Mn1.6O2  material  in  the  water  can  improve  the  electronically 
percolating  network.  Therefore,  we  suggest  that  the  CMC  and 
alginate  as  the  binders  mixed  with  LiNii/3Mni/3Coi/302  material  in 
the  water  improve  the  electronically  percolating  network  than  that 
with  PVDF  binder.  The  well-define  LiNii/3Mni/3Coi/302  electrode 
network  can  be  beneficial  to  enhance  the  LiNii /3Mni/3Coi/302 
kinetics  and  then  improve  the  capacity  at  high  C-rates. 


Fig.  4.  Initial  charge-discharge  curves  of  LiNii/3Mni/3Coi/302  at  various  current  densities  in  the  voltage  range  of  2.5-4.6  V  using  different  binders:  (a)  CMC,  (b)  alginate,  and  (c) 
PVDF;  (d)  dQJdV  curves  for  LiNii/3Mni/3Coi/302  with  CMC,  PVDF,  and  alginate  binders. 
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Fig.  5.  (a)  Rate  performance  of  electrodes;  (b)  discharge  capacity  retention  at  various  current  densities;  (c)  cycling  performance  of  LiNii/3Mni/3Coi/302  with  CMC  at  0.5  C  and  5  C, 
and  with  PVDF  and  alginate  at  0.5  C;  and  (d)  coulombic  efficiency  in  the  voltage  range  of  2.5-46  V. 


In  Fig.  5(c  and  d),  the  relatively  long-term  cycling  performance 
and  the  coulombic  efficiency  for  LiNii/3Mni/3Coi/302  with  different 
binders  are  compared  at  the  current  densities  of  0.5  C  and  5  C  in  the 
voltage  range  of  2.5-4.6  V.  As  shown  in  Fig.  5(c),  the 
LiNii/3Mni/3Coi/302  electrode  with  CMC  binder  exhibits  higher 
initial  discharge  capacity,  157.5  mAh  g-1,  compared  to  the  elec¬ 
trodes  with  alginate  and  PVDF  binders,  141.1  mAh  g_1  and 
129.3  mAh  g  \  respectively.  After  200  cycles,  discharge  capacities  of 
141.9  mAh  g-1, 126  mAh  g-1,  and  111.7  mAh  g-1  are  obtained  at  0.5  C 
with  capacity  retention  of  90.1%,  89.2%,  and  86.3%  for 


LiNii/3Mni/3Coi/302  with  CMC,  alginate,  and  PVDF  binder,  respec¬ 
tively.  Also,  the  LiNii/3Mni/3Coi/302  with  CMC  binder  exhibited 
much  higher  average  discharge  capacity  of  149.2  mAh  gx 
compared  to  -133.5  mAh  g-1  for  alginate  binder  and 
— 117.2  mAh  g-1  for  PVDF  binder  at  0.5  C  after  200  cycles.  As  shown 
above  in  Fig.  5(a),  the  LiNii/3Mni/3Coi/302  electrode  using  CMC 
binder  has  the  best  rate  capability  at  5  C  compared  with  the  other 
binders.  In  the  long-term  cycling,  the  LiNii/3Mni/3Coi/302  electrode 
using  CMC  binder  exhibited  the  initial  discharge  capacity  of 
122.7  mAh  g1  with  capacity  retention  of  approximately  72.1%  over 


Fig.  6.  Nyquist  plots  of  LiNii/3Mni/3Coi/302  electrodes  using  CMC  (a),  alginate  (b),  and  PVDF  (c)  as  binder  at  the  discharged  state  of  3.70  V  (vs.  Li/Li+)  at  different  temperatures  and  at 
frequencies  from  1  MHz  to  10  mHz.  The  insets  show  the  equivalent  circuit. 
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the  200  cycles  at  the  higher  rate  of  5  C.  The  coulombic  efficiency  was 
shown  in  Fig.  5(d).  It  is  worth  to  mention  that  LiNii/3Mni/3Coi/302 
with  CMC  as  binder  at  0.5  C  shows  the  highest  initial  coulombic 
efficiency  of  85%.  The  initial  coulombic  efficiency  for  electrodes 
containing  alginate  and  PVDF  binder  is  81.7%  and  81.3%,  respec¬ 
tively.  The  LiNii/3Mni/3Coi/302  electrodes  using  CMC,  PVDF,  and 
alginate  binder  all  present  high  mean  coulombic  efficiency 
approaching  99.1%  at  0.5  C.  Therefore,  it  can  be  concluded  that  the 
stable  layered  structured  LiNii/3Mni/3Coi/302  compound  presents 
higher  rate  capability  and  cycling  performance  with  CMC  binder 
than  with  alginate  and  PVDF  binders. 

To  investigate  further  the  electrode  kinetics,  the  apparent  acti¬ 
vation  energies  of  LiNii/3Mni/3Coi/302  electrodes  were  calculated 
from  electrochemical  impedance  spectra  (EIS).  Fig.  6  shows  the 
Nyquist  plots  of  the  electrodes  with  different  binders  at  the  dis¬ 
charged  state  at  3.70  V  (vs.  Li/Li+)  at  different  temperatures  after 
charge-discharge  for  10  cycles.  All  the  impedance  curves  of 
LiNii/3Mni/3Coi/302  with  different  binders  show  two  semicircles  in 
the  medium  frequency  and  the  low  frequency  regions,  which  could 
be  assigned  to  the  lithium  ion  diffusion  through  the  solid  electro¬ 
lyte  interphase  (SEI)  film  (Rx)  and  the  charge  transfer  resistance 
(Ret),  respectively,  and  an  unclear  ~45°  inclined  line  in  the  low- 
frequency  range,  which  could  be  considered  to  be  a  Warburg 
impedance.  The  typical  frequencies  for  the  EIS  curve  at  299.15  I<  in 
the  two  medium  and  low  frequency  regions  are  labelled  in  Fig.  6. 
The  two  semicircles  in  the  medium  and  low  frequency  are  similar  to 
Guo  et  al.  [36]  EIS  curves  for  LiNii/3Mni/3Coi/302.  The  Rct  is  calcu¬ 
lated  using  the  equivalent  circuit  shown  in  the  inset  of  Fig.  6.  The 
equivalent  circuit  model  also  includes  electrolyte  resistance  (. Rs ), 
a  constant  phase  element  (CPE1)  and  a  non-ideal  constant  phase 
element  (CPE2).  The  values  of  the  parameter  Rct  obtained  from 
a  nonlinear  least  squares  fitting  are  summarized  in  Table  2.  As 
shown  in  Table  2,  LiNii/3Mni/3Coi/302  electrode  with  CMC  binder 
had  the  smallest  Rc t,  values  at  different  temperatures,  below  those 
of  alginate  binder  and  PVDF  binder,  respectively,  indicating  the 
enhancement  in  the  kinetics  and  the  consequent  improvement  in 
the  rate  capability  of  LiNii/3Mni/3Coi/302  using  CMC  binder.  It 
should  be  noted  that  the  ionic  conductivity  of  LiNii/3Mni/3Coi/302 
with  different  binders  increases  as  the  temperature  increases  from 
299.15  K  to  322.45  K  because  of  the  linear  decrease  in  Rct. 

The  activation  energy  of  the  interface  reactions  was  investigated 
to  understand  the  kinetics  of  the  charge-transfer  reaction  [37].  The 
exchange  current  (to)  and  the  apparent  activation  energy  (Ea)  for  the 
lithium  intercalated  into  LiNii/3Mni/3Coi/302  can  be  respectively 
calculated  from  Equations  (1)  and  (2),  the  Arrhenius  equation. 

i0  =  RT/(nFRct)  (1) 
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jp 
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Fig.  7.  Arrhenius  plots  of  log  i0  versus  1/T  for  LiNii/3Mni/3Coi/302  electrodes  with  CMC, 
alginate,  and  PVDF  as  binder  at  the  discharged  state  of  3.70  V  (vs.  Li/Li+).  The  lines  are 
the  linear  fitting  results. 


Arrhenius  plots  of  log  io  as  a  function  of  1  /T.  The  activation  energies 
(Ea  =  -Rk  In  10,  where  k  =  the  slope  of  the  fitting  line  in  Fig.  7)  of 
LiNii/3Mni/3Coi/302  electrodes  using  CMC,  alginate,  and  PVDF  as 
binder  are  calculated  to  be  27.4,  33.7,  and  36  kj  mol-1,  respectively. 
These  values  indicate  that  LiNii/3Mni/3Coi/302  with  CMC  binder 
shows  a  lower  activation  energy  for  the  extraction  of  lithium  ions 
from  the  LiNii/3Mni/3Coi/302  than  with  alginate  and  PVDF  binders. 
The  lower  activation  energy  of  the  electrode  using  CMC  as  binder 
facilitates  the  transport  of  lithium  ions  compared  with  the  electrodes 
with  alginate  and  PVDF  as  binders,  which  could  be  attributed  to  the 
higher  ionic  conductivity  of  CMC  compared  with  alginate  and  PVDF. 


4.  Conclusions 

LiNii/3Mni/3Coi/302  cathode  material  having  uniform  and  clear 
crystalline  morphology,  with  a  particle  size  range  of  100-200  nm, 
was  successfully  prepared  by  the  sol-gel  method.  The  electro¬ 
chemical  results  revealed  that,  although  the  LiNii/3Mni/3Coi/302 
electrodes  blended  with  ~  5%  PVDF  and  alginate  binders  presented 
higher  discharge  capacity  at  low  rate  (0.1  C)  than  the  electrode  using 
CMC  binder,  the  LiNii/3Mni/3Coi/302  electrode  blended  with  CMC 
binder  presented  better  cycling  performance  and  rate  capability 
than  those  with  alginate  and  PVDF  binders.  EIS  test  results  indicated 
that  the  LiNii/3Mni/3Coi/302  electrode  using  CMC  as  binder  had 
much  lower  charge  transfer  resistance  and  lower  activation  energy 
than  the  electrodes  using  alginate  and  PVDF  as  the  binders.  The 
electrochemical  performance  results  indicate  that  the  cheap  and 
environmental  friendly  CMC  as  a  binder  for  LiNii/3Mni/3Coi/302  can 
improve  the  high  rate  capability  and  reduce  the  cost  of  lithium  ion 
batteries  in  comparison  with  current  commercial  PVDF  binder. 


i0  =  A  exp (-Ea/RT)  (2) 

where  A  is  a  temperature-independent  coefficient,  R  is  the  gas 
constant,  T  (I<)  is  the  absolute  temperature,  n  is  the  number  of 
transferred  electrons,  and  F  is  the  Faraday  constant.  Fig.  7  shows  the 


Table  2 

Charge  transfer  resistance  Rct  for  LiNii/3Mni/3Coi/302  with  different  binders  at 
various  temperatures. 


T  (K) 

Binders 

CMC 

Alginate 

PVDF 

RdQ) 

299.15 

446.4 

574.6 

639.6 

305.15 

372.3 

485.6 

523.1 

310.45 

312.2 

380.9 

416.6 

315.95 

263.5 

308.3 

338.8 

322.45 

218.2 

236 

240.1 
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